Over the last several years, molecular analyses in acute myeloid leukemia (AML) have established clinical-pathological and prognostic correlations that have better defined subgroups in this heterogeneous disease and influenced risk-adapted therapeutic approaches on recent clinical trials. Genetic markers such as FLT3 internal tandem duplications (FLT3-ITD), were first identified in adults 1 and subsequently in children, 2 as conferring a poor prognosis. By contrast, mutations in nucleophosmin (NPM1) 3, 4 and more recently, CCAAT/enhancer-binding protein alpha (CEBPA) 5 have been found to be associated with improved outcomes in both adult and pediatric studies. However, despite being initially described almost 20 years ago, the prognostic implications of mutations involving the RAS proto-oncogenes, remain controversial. 6 The RAS gene family is comprised of three homologues, HRAS (11p15.5), KRAS (12p12.1) and NRAS (1p13.2), all of which function as membrane-associated guanosine nucleotide phosphate-binding proteins. 7 Mutations in RAS genes are frequent in AML and serve as prototypic Class I lesions, initiating key downstream hyperproliferative signal transduction pathways. 8 NRAS mutations (NRASmut) are the most common, occurring in 10-20% of AML patients. RAS mutations have been linked to leukemic progression in myelodysplastic syndrome and an inferior outcome in AML by some researchers; [9] [10] [11] [12] [13] whereas other studies have reported no survival difference in AML patients harboring RAS mutations compared with those without RAS mutations. 14, 15 Still other reports have suggested the presence of a RAS mutation may actually improve survival and/or response to therapy. 15 Here, we report on the incidence and prognostic significance of NRASmut in a large cohort of children with AML who were treated on two recent cooperative group studies.
Of the 1241 eligible patients with de novo AML enrolled on CCG-2961 and COG-AAML03P1, diagnostic DNA was available for 825 children. Demographics, laboratory and clinical characteristics, and outcome for patients with and without available specimens were comparable to the study population at large, as reviewed in previous studies. 7 KRAS mutations were examined for 183 patients treated on CCG-2961, and only two mutations were identified, so no further analysis was conducted. HRAS mutations are rare in AML, 15 and thus not examined in this study (data not shown). Exons 1 and 2 of the NRAS gene were amplified, sequenced and evaluated for genomic alterations. Of the 825 specimens tested, 86 (10%) had a missense mutation in the amplified coding region. Mutations involved either codon 12 (n ¼ 52, 60%) or 13 (n ¼ 33, 38%), as have been previously described, with one unique mutation in codon 29. No mutations were identified in codon 61, a third codon previously reported to be involved in adult AML (Supplementary  Table 1) . 16 In order to establish the somatic, disease-associated nature of these mutations, DNA extracted from remission specimens available from 12 patients with NRASmuts was evaluated for the presence of NRASmuts. We failed to demonstrate the presence of NRASmuts in the remission specimens, demonstrating that the NRASmuts were diseaseassociated mutations and not germline polymorphisms. Sex, age, and race were comparable between NRASmut positive and wild-type patients. Similarly, there was no difference in frequency of organomegaly or extramedullary disease (central nervous system involvement or chloroma). Median diagnostic WBC (28.9 Â 10 3 /ml vs 21.6 Â 10 3 /ml, P ¼ 0.19) and platelet counts (45 Â 10 3 /ml vs 48 Â 10 3 /ml, P ¼ 0.97) at diagnosis were also similar between the two cohorts. Diagnostic bone marrow blast counts were lower in patients with NRASmut than in those without the mutation (64% vs 71%, P ¼ 0.05) (Supplementary Table 1 ). NRAS mutational status was correlated with the French-American-British Classification of AML subtypes 17 for historic comparisons. AML French-American-British Classification subgroups were similarly distributed between patients with and without NRASmut, with 30% having M2 or M4 morphology ( Figure 1a ). The presence of NRASmut was correlated with specific cytogenetic and molecular alterations in our study population. NRASmut were similarly distributed among the major cytogenetic groups (Figure 1b) . Cytogenetic information was available on 563/901 (62.5%) of the de novo patients treated on CCG-2961. On COG-AAML03P1, 316/340 (93%) of patients had available cytogenetic data of which 185/316 (59%) were centrally reviewed. Of the 86 NRASmut patients, 68 had cytogenetic information available for further comparisons, of whom 17 (25%) had a normal karyotype and another 17 (25%) had abnormalities of chromosome 11q23. These frequencies were comparable to those found with wild-type NRAS. Deletions or monosomies of chromosome 7 [-7/del(7q)] were rare in patients with NRASmut (3%) and no patient with NRASmut had monosomy 5 or del (5q) (Figure 1b 16 however, this was not found in our study. Seven percent of NRASmut were associated with t(6;9)(p23;q24) compared with only 2% of wild-type NRAS (P ¼ 0.014). However, the presence of NRASmut had no impact on the poor prognosis of patients with t(6;9)(p23;q24), who demonstrated 3-year overall survival (OS) of 0% vs 38 ± 34% (P ¼ 0.696) and event-free survival (EFS) of 0% vs 16 ± 32% (P ¼ 0.986) for NRASmut and wild-type patients, respectively. t(6;9)(p23;q24) translocations were frequently associated with the poor prognostic marker FLT3-ITD, even in NRASmut patients (2/5 patients with t(6;9) and NRASmut; 7/9 with t(6;9) and wild-type NRAS), in which FLT3-ITD was uncommon (see below). Correlation of NRASmut with common mutations in AML was also determined. FLT3-ITD appeared to be less common in those with NRASmut (7 vs 13%, P ¼ 0.115); whereas NPM1 mutations were significantly more common in those with NRASmut (16 vs 6%, P ¼ 0.003) compared with wild type. There was no association observed between NRASmut and CEBPA or WT1 mutations (Figure 1c ). Five patients with NRASmut and WT1 mutations had a third abnormality (t(8;21), 2 patients; inv(16), 2 patients and t(9;11), 1 patient). Overall, 77 of 86 patients with NRASmut (90%) had at least one additional mutation or cytogenetic abnormality (Supplementary Figure 1) .
NRASmut status was correlated with specific risk group. NRASmut was more prevalent in those with low-risk AML, (P ¼ 0.028) as defined by the presence of the core-binding factor (CBF) group (t(8;21)(q22;q22) or inv(16)t(16;16)), CEBPA or NPM1 mutations (NPMc þ ). However, this association appeared to be in large part because of the significant association of NRASmuts with NPMc þ . There was no significant correlation with individual CBF abnormalities, with comparable numbers of patients demonstrating t(8;21)(q22;q22) with and without NRASmut (16 vs 15%, P ¼ 0.80), and similarly for abnormalities of chromosome 16 (13 vs 11%, P ¼ 0.63). In contrast, NRASmut was inversely related with high-risk disease; only 4% of those with NRASmut had monosomy 7, monosomy 5/del(5q) or FLT3-ITD, with a high allelic ratio compared with 15% of patients without the mutation (P ¼ 0.007, Supplementary Table 1) .
Response to induction chemotherapy and clinical outcome was assessed for patients with and without NRASmut. Patients with NRASmut had similar complete remission (CR) rates after one course of induction chemotherapy as patients without the mutation (85 vs 80%, P ¼ 0.268). The actuarial OS at 5 years from study entry was 47±13% for the NRASmut patients compared with that of 55 ± 4%, for those without the mutation (P ¼ 0.364, Supplementary Figure 2a) , with a corresponding EFS of 38 ± 11% and 44 ± 4% (P ¼ 0.55, Supplementary Figure 2b) for those with and without NRASmut, respectively. Those in CR had a similar relapse risk, regardless of the presence of NRASmut (39±12 vs 36±4%, P ¼ 0.973, Supplementary Figure 2c ) with an actuarial disease-free survival rate of 44 ± 13% vs 52 ± 4%, P ¼ 0.257, respectively (Supplementary Figure 2d) .
As NRASmut were more prevalent in patients with low-risk disease, we considered whether NRASmut might have a clinical impact in specific risk groups in AML. The presence of NRASmut did not affect clinical outcome in patients with low-risk disease; the OS rate from study entry for those with NRASmut was 59 ± 20 vs 73 ± 6% for those without NRASmut, P ¼ 0.114. For those who achieved an initial CR, the relapse risk was 25±16 vs 24 ± 7% for those with and without NRASmut, P ¼ 0.956, with a corresponding disease-free survival rate of 52±19 vs 61±8%, P ¼ 0.190. Next, we examined whether NRASmut could delineate prognosis in two heterogenous subgroups, specifically, patients with standard-risk AML and those with normal karyotypes. Within the standard-risk group, NRASmut had no effect on the OS rate (42 ± 20% vs 51 ± 6%, P ¼ 0.669), EFS rate (31±17 vs 40±6%, P ¼ 0.692), relapse risk (44±21 vs 42 ± 7%, P ¼ 0.712) or disease-free survival rate (41 ± 20 vs 51±7%, P ¼ 0.616). Similarly, the OS rate (24±35 vs 55±9%, P ¼ 0.356), EFS rate (24 ± 25 vs 45 ± 10%, P ¼ 0.230), relapse risk (47±27 vs 39±10%, P ¼ 0.707) and disease-free survival rate (28 ± 24% vs 51 ± 11%, P ¼ 0.106) were comparable between patients with normal karyotypes with or without the mutation (Supplementary Table 2 ). As there were only 3 patients with high-risk disease who carried an NRASmut, meaningful clinical assessment of NRASmut could not be performed for this cohort, but all 3 patients with NRASmut and other high-risk features either failed to achieve remission (N ¼ 1) or Letters to the Editor had a relapse after achieving an initial CR (N ¼ 2), with no survivors.
This current retrospective study represents an evaluation of a large pediatric cohort specifically focused on the incidence and impact of NRASmut on outcome. We identified NRASmuts in 10% of children with AML treated on two consecutive cooperative clinical trials. NRASmut were found predominantly at codon 12 in keeping with other reports 15, 16 and also at codon 13, although none were present at codon 61, a third commonly mutated location. Bacher et al. 16 identified codon 61 mutations specifically in adult AML samples with inv(16)/t(16;16) or inv(3)/ t(3;3) and found these cytogenetic abnormalities were overrepresented in the NRASmut positive population. A high frequency of NRASmut in AML samples harboring inv(16)/ t(16;16) has also been observed in other adult studies. 15, 18 We did not find a higher frequency of abnormalities of chromosome 16 between patients with NRASmut and those with wild-type NRAS (P ¼ 0.63), which is consistent with our previous data 2 and likely accounts for the absence of codon 61 abnormalities.
By extension, the higher frequency of low-risk AML that we observed in NRASmut patients cannot be attributed to a higher frequency in CBF AML as seen in adults, but rather appears to be a result of an association with NPM1 mutations. NRASmut is a proto-typical Class I 'proliferation/survival lesion', which has been proposed to require collaboration with Class II 'differentiation/self-renewal' lesions to induce leukemogenesis. 7, 8, 19 CBF abnormalities represent Class II lesions. CEBPA mutations, are also good-risk Class II lesions that are frequently found in normal karyotype AML. 3 However, we observed no relationship between CEBPA mutations and NRASmut, which is consistent with adult data. 19 We did, however, detect a significantly higher frequency of NRASmut in patients with NPM1 mutations (P ¼ 0.0003). NPM1 mutations represent another good-risk Class II lesion. This correlation has not been previously described in adults, 19 however, it appeared responsible for the association with low-risk AML that we observed. The presence of more than one Class I lesion is uncommon in AML, 19 thus, it is in keeping with previous studies 15 that NRASmut and the high-risk FLT3-ITD were rarely found together in the same patient. Other high-risk features such as monosomy 5 or 7 or del (5q) were similarly uncommon in NRASmut patients. Taken together, these data suggest that this dual class paradigm of leukemogenesis remains valid in NRAS-mediated AML, although collaboration with distinct Class II abnormalities may distinguish adult and pediatric disease.
NRASmut did not affect the outcome in pediatric AML, as we found similar rates of CR and relapse, as well as 5-year EFS and OS rates in patients with the mutated and wild-type NRAS. These findings were consistent even when only patients with standard-risk or normal karyotype disease were considered. Although NRASmut may not provide prognostic information in AML, the role of this mutation in activation of the RAS/MEK/ERK signal transduction pathway is well documented 20 and provides a key regulatory step in the transformation of myeloid progenitors and the evolution of AML. Murine studies have demonstrated that interrupting the RAS signal transduction pathway may induce cellular apoptosis in AML cells harboring the NRASmut, and thus, interruption of the signaling pathway may have clinical utility. 21 Risk-adapted therapy on the basis of prognostic implications of recurrent molecular lesions represents the most significant advance in both adult and pediatric AML management in recent years. Pediatric AML remains a unique subset of myeloid diseases that are distinct from their adult counterparts and worthy of independent evaluation. Our study has demonstrated similarities with that of Bowen et al. 15 regarding the lack of association of NRASmut with FLT3-ITD, but also highlighted differences with a novel association with NPM1 mutations, t(6;9) translocations and absence of association with CBF leukemias. Given lack of clinical significance for NRASmuts, implementation of NRASmuts for risk-based therapy allocation in pediatric AML cannot be justified at this time. However, as this mutation remains an attractive target for directed therapy, NRASmut profiling should be performed and documented as part of correlative research protocols. Cytogenetic studies have an important role in the diagnosis and prognosis of hematological malignancies, but the conventional karyotype analysis in acute lymphoblastic leukemia (ALL) is often hampered by suboptimal chromosome morphology, low lymphoblast mitotic activity, and inability to detect subtle (o5-10 Mb) abnormalities. With the combination of karyotype analysis and fluorescence in situ hybridization (FISH), cytogenetic studies of chromosome aberrations have become a major and reliable marker for risk assignment and risk-directed treatment of pediatric B-cell ALL.
Supplementary
1 In contrast to B-cell ALL, T-cell ALL (T-ALL) is associated with few unique cytogenetic features on which to base risk-group stratification. Recently, a few genome-wide microarray studies have revealed submicroscopic chromosome aberrations in T-ALL.
2-4 To identify submicroscopic chromosome aberrations in pediatric patients with a well-defined diagnosis of T-ALL and to determine the feasibility of incorporating a newly developed 133K-targeted oligonucleotide-based microarray platform into routine cytogenetic diagnosis, we used this comprehensive system to analyze DNA from cryopreserved diagnostic leukemia samples and compared microarray findings to their reported bone marrow karyotypes. Multiple submicroscopic abnormalities in each of these samples have been revealed with many recurrent abnormalities.
This study included 22 leukemia bone marrow samples from the Children's Oncology Group (COG) Cell Bank. These specimens were collected, with informed consent for future research use and institutional review board approval, from children with T-ALL who were treated on COG ALL clinical trials. Mononuclear cells were purified by Ficoll-Hypaque centrifugation prior to cryopreservation. All specimens consisted of 490% lymphoblasts. Samples were selected based on the presence of an identified deletion or rearrangement involving chromosome 6q (originally designed to validate the microarray analysis). The T-ALL diagnosis and the diagnostic karyotypes received COG central review. Oligonucleotide-based microarray analysis was performed using a custom-designed 133K-feature whole-genome microarray (Signature OncoChip, manufactured by RocheNimbleGen, Madison, WI, USA). The custom-designed array targeted 41800 genes and genomic intervals associated with cancer at a probe spacing ranging from B1 probe per 0.2-7.0 kb. In addition, the genomic backbone of the array had an average spacing of B1 probe per 35 kb. Array comparative genomic hybridization analysis was performed as described previously. 5 Karyotypes of the 22 patient samples included the following: deletion in 6q (n ¼ 11), deletion in 6q with additional abnormalities (n ¼ 7), and apparently normal (n ¼ 4) ( Table 1) .
